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The present study focuses on the application of immo- 
bilization technology to enzymic sugar syntheses. The 
paper describes an improved silica-alginate matrix 
established for entrapment and encapsulation. The 
replacement of alginate with pectate provided en- 
hanced chemical resistance of the matrix, which 
allows the use of I % (w/v) polyphosphate in reaction 
mixtures. Polylysine, a reagent for silica condensation, 
was replaced by a much cheaper alternative, namely 
polyethyleneimine. The proposed design was applied in 
the production of cytidine 5 -monophospho-N-acetyl- 
/?-D-neuraminic acid (CMP-sialic acid) by immobilized 
recombinant enzymes or Escherichia coll cells contain- 
ing overexpressed enzymes. A comparison between 
these two strategies was made. On the basis of the 
results we conceptualized a system to synthesize sialyl- 
oligosaccharides by using a biocatalyst entrapped in 
calcium pectate-silica gel beads. 



Introduction 

Immobilization of enzymes or whole cells in a suitable 
matrix is an important practice in the economical utilization 
of biocatalysts. The composition and configuration of the 
matrix material whether of natural or synthetic origin, 
contribute to the efficiency of the biocatalyst in a given 
application. Calcium alginate gel (CAG) has been widely used 
in cell entrapment and encapsulation during the last three 
decades. Alginate defines an extracellular environment that 
is beneficial to cell viability and function, and it even serves as 
a protection that provides for prolonged enzymic activity of 
permeabilized cells. However, CAG beads cannot provide 
satisfactory results in many biotechnological applications 
because of their sensitivity to calcium-chelating compounds, 
especially phosphates and citrates. Calcium pectate gel 
(CPG) resembles alginate in sol— > gel transition behaviour, 
but it is much less sensitive to the ions and chemical 



agents that break down CAG. It has been shown that 
the replacement of alginate with pectate maintains diffusion 
properties of the gel matrix while improving its mechanical 
and chemical properties [1,2], The stability of CAG can also 
be improved by additional coating with polycation and/or 
cross -I in king [3,4]. Moreover, the coating step improves 
the efficiency of enzyme immobilization by decreasing the 
pore size of the beads to prevent enzyme leakage. Increasing 
the size of catalytic particles is another choice for enzyme 
entrapment when the gel lattice is not dense enough [5,6]. 
In the present study we combined all these strategies 
and designed a calcium pectate-silica gel for whole cell and 
enzyme immobilization. The immobilized preparations were 
then applied in multi-step synthesis of cytidine 5 -mono- 
phospho-N-acetyl-/?-D-neuraminic acid (CMP-sialic acid). 

Sialic acid is a terminal constituent of glycoconjugates 
that plays crucial roles in cell-cell recognition. Sialyl epi- 
topes are thought to be target carbohydrate antigens in 
various immunotherapy applications (e.g. cancer immuno- 
therapy) [7]. CMP-sialic acid, as activated sialic acid, is the 
substrate of sialyltransferases, key enzymes for the enzymic 
preparation of sialylated biomolecules [8]. So far two 
methods have been employed in biocatalytic synthesis of 
CMP-siatic acid. Enzymic synthesis is accomplished in rel- 
atively 'clean* reactions without the degradation of product 
and the generation of by-products. Whole-cell reactions, 
on the other hand, eliminate the tedious multiple 
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enzyme-purification steps. Therefore it is timesaving and 
economically favourable. In the present study we tried 
to compare the performance of these two different ap- 
proaches. 

Materials and methods 

Materials 

Potassium pectate (from the Institute of Chemistry, Slovak 
Academy of Sciences, Bratislava, Slovak Republic) was 
prepared from commercial apple pectin by de-esteriftcation 
in heterogeneous phase under strictly controlled conditions 
to minimize pectin backbone degradation (M r 165 000, 
81% D-galacturonate, degree of esterification = 0). PEI 
(polyethyieneimine, M w ^ 2000), sodium alginate and 
sodium silicate solution ('water glass*) were from Aldrich 
(Milwaukee, Wl, U.S.A.). Escherichia coli K-12 (A.T.C.C. 
47076) and L coli Kl (A.T.C.C. 13027) were purchased 
from the American Type Culture Collection (Manassas, VA, 
U.S.A.). L coli DHSt* (lacZAMIS hsdR recA) was from 
Gibco-BRL Life Technology. L colt BL2I(DE3) [F~ ompl 
hsdS f (r rm t -) gal dcm (DE3)] and plasmid DNA pETISbwere 
bought from Novagen (Madison, Wl, U.S.A.). All kits for 
DNA isolation and purification were from Qiagen (Valencia, 
CA, U.S.A.). All restriction enzymes, I kb DNA ladder, and 
T 4 DNA ligase were obtained from Promega (Madison, 
Wl, U.S.A.). Vent DNA polymerase was purchased from 
New England Biolabs (Beverly, MA, U.S.A.). Polyphosphate 
(polyphosphoric acid sodium salt, P n ) and other chemical 
reagents were from Sigma. 

Recombinant enzymes and cells 

nanA and neuA genes [producing the products NanA (sialic 
acid aldolase) and NeuA (CMP-sialic acid synthetase)], 
amplified by PCR, were digested with restriction 
endonuc leases Xba\ISal) and So/l/BomH! and ligated tandemly 
into pETISb linearized with Xbol/BamHI. 

£ coli was cultivated in LB (Luria-Bertani) medium 
(tOg/litre tryptone, 5 g/litre yeast extract and lOg/titre 
NaCI). Freshly transformed E. coli BL2 l(DE3) harbouring the 
recombinant plasmid was grown in LB medium (50 ml) with 
ampicillin (150 //g/ml) overnight (30 C C, 225 revJmin), then 
transferred into fresh LB medium ( I litre) with ampicillin for 
another 3 h at 37 °C. When the attenuance (D h00 ) reached 
0.8-1.0, the culture was induced with 400 //M isopropyl 
l-thio-/i-D-galactopyranoside (IPTG) for 4 h at 37 °C. The 
cells were harvested by centrifugation (4500 g, lOmin, 
4 c C), disrupted by sonication on ice in 25 ml of binding buf- 
fer [20 mM Tris/HCI (pH 7.9)/0.5 M NaCI/5 mM imidazole], 
clarified by centrifugation and loaded on to an Ni : '-nitril- 
otriacetate column (Qiagen). The column was first washed 



with binding buffer [20 mM Tris/HCI (pH 7.9)/0.5 M NaCI/ 
5 mM imidazole], and then with washing buffer [20 mM 
Tris/HCI (pH 7.9)/0.5 M NaCI/20 mM imidazole], followed 
by elution with elution buffer [20 mM Tris/HCI (pH 7.9)/ 
0.5 M NaCI/200 mM imidazole]. The eluates were concen- 
trated by ultrafiltration, dialysed against 20% (v/v) glycerol 
and stored at 4°C. The whole-cell paste was stored at 
- 20 C C. 



Immobilization 

The enzyme solution or suspension of L coli BL2 1 (DE3) cells 
containing overexpressed enzymes, potassium pectate or 
sodium alginate, and sodium silicate, were mixed at pH 7.5- 
8.5 to the following final concentrations: enzymes, 
0.5-1.0 mg/ml, or cells, 5-10 mg/ml; alginate, 2% (w/v) t or 
pectate, 5% (w/v); silicate, 0.4%. Spherical-particle forma- 
tion was achieved by dripping the suspension through a 
capillary (300 /vm internal diameter) into stirred precipi- 
tation solution (0.1 M CaCI 2 , pH 7.5-8.5) using coaxial 
nitrogen flow. The particles were incubated in a precipitation 
bath for 40 min at 4 C C. Afterwards, the beads (diameter 
750-1 050 /vm; mean 900 pm, S.D. 97.4 /u.m) were stabilized 
by treatment with 0.25 % (w/v) PEI (40 min) and subse- 
quently with 30 mM silicate (60 min, 4 C C, pH 7.5-8.5) 
or 1% (v/v) glutaraldehyde (I min). The stability of the 
beads was tested in a solution mimicking nucleotide-sugar 
synthesis [1% (w/v) P.,/50 mM MgCI ; , pH 7.8]. The tests 
were performed with 50 beads in 20 ml at 23 °C on 
rotary shaker (30 rev7min). The mechanical resistance was 
measured as a function of loading (g) and time (s) required 
to compress the gel beads to 50% of their original sizes [I]. 

Enzymic synthesis 

The reaction mixture contained immobilized biocatalysts, 
substrates, P„ and other required ingredients. Precise com- 
positions are described in the legends to the Figures. The 
small-scale (500 reactions were performed at 23 C C with 
shaking at 30 rev./min, and 1 00-200-ml-volume reactions 
were performed at 30°C and 150 reWmin. 

Analysis 

The concentration of CTR CDP, CMP and CMP-sialic 
acid were measured by capillary electrophoresis (ISCO 
model 3850 Capillary Electropherograph). Samples were 
introduced into an unmodified silica column (75 /im internal 
diameter; 50 cm total length; 35 cm to detector) with 2 s 
vacuum injection. The running buffer was 25 mM sodium 
tetraborate, pH 9.4. Electrophoresis was carried out at 
250 V -cm" 1 , 40 /7 A and at 23 C C, with the detector set 
at 262 nm and 0.05 AUFS (absorbance units full scale). 
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Results and discussion 

Immobilization 

Alginic acid and associated salts, the alginates, are important 
components of the cell walls of brown algae (Phylum 
Phaeophyta). It has been shown that silicon is involved in 
the stability and rigidity of the cell wall in some algae, 
especially diatoms (Phylum Bacillariphyta). The polypeptides 
and long-chain polyamines of diatoms were identified as 
mediating the formation of silica nanospheres in vitro 
without extremes of temperature, pressure or pH normally 
required for the geological and chemical synthesis of glass 
and other siloxane-based materials [9]. Coradin et a I. [3] 
simply mimicked this natural pathway and designed alginate- 
polylysine microcapsules coated with silicate [APS (algi- 
nate— potyly si ne— s t lica te microcapsules)] for bioencapsula- 
tton. They utilized /?-galactosidase as a model to study the 
encapsulation, in which the enzyme was too large to leak out 
during the gelation of alginate droplets in CaCI 2 solution. We 
focused on recombinant enzymes that were of molecular 
mass less than 70 kDa, so that an increase in enzyme size was 
needed. Plant physiologists and biochemists have worked 
on plant samples and shown that silicon effectively flows 
in the sap as a protein chelate [10]. The chelating and/or 
adsorption properties of silica were used to immobilize 
various proteins in a mixed gel composed of colloidal silica 
and alginate (AS) [6]. The AS gel held proteins independent 
of their molecular size. 

Pectins, pectinates and pectates are important con- 
stituents of the cell wall and soft tissues of higher plants; they 
are, in many ways, the land-based* counterparts of alginate in 
sea plants. Pectate is not only an alternative to alginate, 
but also the stability constant of calcium pectate is almost 
one order of magnitude higher than that of calcium alginate 
[I]. To immobilize the recombinant enzymes, we designed 
a calcium pectate-silica gel coated with PEI and silica 
[PSPS (pectate-silicate-PEI-silicate particles)]. PEI, a weak 
poh/basic aliphatic amine, is the substitute for polylysine 
used by Coradin et a I. [3] for silica condensation. The 
resistance of the beads to P, was tested in a solution 
containing I % (w/v) P, and SO mM rig 2 * at pH 7.8 (Fig- 
ure I). This mimics the reaction conditions of glycosylation 
catalysed by Leloir glycosyltransferases where P„ is used as 
energy source. The alginate gel was very unstable, and it 
broke down within a few minutes. By contrast, the pectate 
gel was stable, although some significant changes in the 
mechanical resistance of the gel were observed (Figure lb). 
Surprisingly, coating with PEI lowered the mechanical 
resistance of the calcium pectate/silica mixture at zero time 
(Figure la). However, long-term storage showed that the 
PEI coating was critical to the stability of the pectate/silica 
mixture in P n solution, and additional silica coating improved 
the stability. PEI cross-linking with glutaraldehyde gave 




PSPG 
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Time (day) 

Figure I (a) Mechanical resistance of the pectate gels at zero time and 
(b) the storage stability of pectate gel beads 

(a) CF'G. calcium pectaie'iihca mixture (PS), calcsunn pectate/i'lica mixture 
coaled with polyethyleMmme iPSP), PSPS and PSPG (b) CPG PS (□), 
PSP (<-). ^SPS \0\ br-.Q PSPG (■) The storage stability oi gel bead; v.-a:- 
le^ed m I c , 'w/v) Fyf-0 rr.H MgCI-. pH 7.£. 



the best stability; however, it negatively influenced the 
activities of immobilized enzymes (results not shown). 
Therefore glutaraldehyde cross-linking was applicable only 
for whole-cell immobilization. Generally speaking, calcium 
pectate/silica gels showed a better strength, but also a higher 
brittleness, compared with gels lacking silica. 

Enzymic synthesis of CMP-sialic acid 

Sialic acid is synthesized from N-acetyl-D-mannosamine 
(ManNAc) and pyruvate by sialic acid aldolase (NanA; 
EC 4.1.3.3). The activation of sialic acid by CTP to gen- 
erate the nucleotide-sugar is catalysed by CMP-sialic acid 
synthetase (NeuA; EC 2.7.7.43). £. co/i nonA and neuA 
genes were amplified by PCR and cloned tandemly into 
pETISb vector. Both enzymes were overexpressed in 
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Figure 2 Recyc lability of NeuA and NanA enzymes (♦) and whole cells 
(containing overexpressed NeuA and NanA) (■) immobilized in PSPS 

The reaction was performed in a volume of 0 5 ml corrtaimn^ 5-0 mM TnyHCI, 
pH 7.8. 50 mM MgCk 0.25 % Tntor.X- !00, I %■ (w/v) P,„ 20 rr.M CT F; 30 rr,M 
ManNAc, 75 mM pyruvate and 100 mg of PSPS or PSPG ipertaie-Mltcaie- 
F'EI-glutariloehvde p-artidei) The enzyme activity & i-. -.vas 251 mijnrts f V for 
the 1M h cycle and 103 muw,/f for the *?& h cycle. CMF-MeuAc = CMF'-S'ilic 
acid 



£ co/i BL2 1 (DE3). Since the recombinant proteins have 
His 6 (hexahistidine) tags, they were easily purified by one- 
step affinity chromatography and entrapped in PSPS. Elling 
and co-workers [11,12] demonstrated that the synthesis 
of nucleotide-sugar with purified enzymes is a better 
alternative to biotransformation using whole cells, owing 
to the higher efficiency of product purification. However, 
the enzymes used have to be isolated and purified, 
which significantly increases production costs, even if the 
enzymes are recycled by means of immobilization. Kyowa 
Hakko Kogyo Co. Ltd. (Tokyo, Japan) has successfully 
commercialized nucleotide-sugar production by whole cells 
[13,14]. From this point of view, we also entrapped 
£. colt cells containing overexpressed enzymes and 
permeabilized by a freeze-thaw method. Studies compar- 
ing the immobilized enzymes (NanA and NeuA) with whole 
cells harbouring the enzymes were performed. The enzyme 
preparation (EP) had approximately double the activity 
[activity at zero time (t 0 ), 251 munits/g of beads] of the 
whole-cell preparation (CP; activity at t 0 , 103 munits/g of 
beads). As shown in Figure 2, both preparations showed 
similar trends in the yield of the CMP-sialic acid repetitive 
batch synthesis, with an approx. 50% decrease after 
15 cycles of usage. When whole cells were used, CTP 
degradation to cytidine was observed, which resulted in 
lower efficiency. However, 60-1 20 g of CP, in contrast with 
4-8 g of EP, can be obtained from I litre of £. co/i expression 
culture. Therefore CP seems to be more economically 
applicable. 

NTP (re)generations for carbohydrate synthesis have 
been established by combining nucleoside 5 -monophos- 




Figure 3 CTP generation from CMP and P, 



♦ , CMP. ■, CDP; A. CTF', x, cytidme. The reaction v.-as earned out in a 
volume of IOC' ml containing 50 mM TnyHCI. pH 7 8. 30 mM MgCh, 025 % 
Trnor. X- 1 CO, I % P n , 40 mM CMf; '■ 5 mM AT F; I of P r , kinase £. coli fresh 
cells and 0.5 g- of CMK. £. coh fresh celts 



phate kinases and kinases of high-energy phosphate 
compounds during the last decade [8, 15]. The Kyowa Hakko 
Company regenerated NTP in nucleotide-sugar production 
by permeabilized Corynebactertum ammoniagenes cells using 
glucose or fructose as an energy source [13,14]. We have 
tried both approaches [16], and finally decided to couple 
recombinant cytidine 5'-monophosphate kinase (CMK) with 
P fi kinase, because C ammoniagenes gave better results 
only at low substrate concentration (5 mM) under our 
conditions. The time course of the reaction showed that 
there was equilibrium among cytidine, CMP, CDP and 
CTP up to 10 h (Figure 3). Degradation of CTP to CDP, 
CMP and cytidine occurred more quickly only after that 
time. Therefore the conversion cycle was set to finish 
within I Oh. P„ is a cheap energy source, but it has one 
disadvantage, namely that it precipitates Mn 2 ^ and chelates 
Mg 1 "* at a concentration of 1 0-20 mM. Unfortunately, when 
we coupled CTP generation with CMP-sialic acid synthesis, 
more than 50 mM Mg 2 "* was needed if Mn 2 ^ could not be 
used at all. One approach to overcome this problem is to 
continuously monitor and keep the concentration of soluble 
metal ions constant [17]. However, the easiest and most 
satisfactory method is to generate CTP first [40 mM CMP, 
30 mM MgCI 2 and I % (w/v) PJ, and then precipitate the 
remaining P f[ with Mn 24 (IS mM) or Mg 2H (50 mM), followed 
by CMP-sialic acid synthesis (30 mM ManNAc and 75 mM 
pyruvate). We routinely obtained 7-1 I mM CMP-sialic acid 
by this approach, and a scheme for sialylation has been 
proposed (Scheme I ). Separation of CTP and CMP-sialic acid 
generation into two reaction steps allows one to use cheap 
P„ as an energy source. Further recycling of the reaction 
mixture fortified with cytidine decreases CMP degradation 
by whole cells. We did not couple this with sialylation until 
now. 
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Scheme I Proposed scheme for sialylation by immobilized biocatalysts 



Product 



Product 
isolation 



Step i CTF'i* generated from CMP; F\, and M^CI- Step II- CHP-«i&iic aod f'CMP-HeuAc") is generated from CTF; ManNAc and pyruvate Fy wa c precipitated wrth 
5,0 mM f'VCi; or !5 mH MnO : ., and then ManNAc and pyruvate were adiusted to 20 mM and lb mM neopectueiy Step ill the nalylated product i< generated 
after the addition of an acceptor to the mixture 



Conclusions 

Use of immobilized biocatalysts in the enzymic synthesis of 
sugars offers greater productivity, because the enzymes are 
recycled, and, therefore, downstream enzyme inactivation 
is not required. "The calcium pectate-silica-PEI gel matrix 
simply mimics the natural pathways for ionotropic gel 
stability improvement. The procedure is simple, versatile 
and cheap. The basic advantage lies in the possibility of co- 
immobilizing enzymes and cells together or preventing the 
leaking of enzymes from permeabilized cells. It might be 
argued that this method cannot compete with recombtnant- 
enzyme immobilization via support binding domains (His fc 
tag, cellulose-binding domain), which integrates isolation, 
purification and immobilization procedures. However, from 
the industrial point of view, whole-cell biotransformation 
seems to be more applicable, and PSPS or PSPG (pectate- 
silicate-PEI-glutaraldehyde particles) are suitable for that 
purpose. 
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